Calcination and microwave-assisted hydrothermal processing of precipitated zirconium dioxide are compared. Characterization of synthesized products of these two technologies is presented. The infl uence of thermal treatment up to 1200 o C on the structural and spectroscopic properties of the so-obtained zirconium dioxide is examined. It was found that initial crystallization of material inhibits the crystal growth up to the 800 o C (by means of XRD and TEM techniques), while the material crystallized from amorphous hydroxide precursor at 400 o C, exhibits 26 nm sized crystallites already. It was found using the TG technique that the temperature range 100-200 o C during the calcination process is equivalent to a microwave hydrothermal process by means of water content. Mass loss is estimated to be about 18%. Based on X-ray investigations it was found that the initial hydroxide precursor is amorphous, however, its luminescence activity suggests the close range ordering in a material.
INTRODUCTION
Hydrothermal technology is a widely applied method of ceramic materials synthesis 1 . It allows production of oxides, spinels and mixed oxides, as well as, metals in a crystalline form in the process excluding the calcination step 2 . Since the calcination severely modifi es the structure of a product, hydrothermal conditions are considered as "mild". Hydrothermal technique exhibits a number of favorable properties, to mention a low energy consumption and a low environment pollution. Additionally, it allows to control some of the product properties, like grain shapes, crystallites size distribution and their nucleation, achieved via variation of the process conditions 3 . The high quality of the products of a hydrothermal synthesis origins from the way the material crystallizes in the subcritical/supercritical water environment. Water in hydrothermal conditions (P h >100 kPa, T h >25 o C 4 ) gains new physicochemical properties, like the decrease of viscosity, density and dielectric constant. It appears that transport properties in the reaction mixture are enhanced under the hydrothermal conditions, since the diffusion coeffi cient is inversely proportional to the viscosity of the medium 4 . The latter was revealed by the measurements of conductance in solutions under the hydrothermal conditions. These measurements confi rmed that mobility of ions is higher than in ambient conditions and this effect compensates for the infl uence of a lowered dielectric constant in the overall solution conductance 5 . It implies one of the most important properties of the hydrothermal synthesis -the enhanced kinetics due to the effi cient supply of reagents to the nucleation seeds. The properties of water change even more rapidly, when the critical point (374.2 o C, 22.1 MPa 6 ) is reached. Many hydrothermal processing variations such as electrochemical hydrothermal 9 , mechanochemical hydrothermal 10 , sonochemical hydrothermal 8 , photochemical hydrothermal 11 , microwave hydrothermal 7 are of importance in the development of technology. Also a number of techniques are combined with hydrothermal processing to reach the new properties of produced materials, to mention reactive electrode submerged arc process and biomineral templating synthesis 12-15 . The new qualities appear in hydrothermal technology, when the heat is delivered to the reaction mixture by a microwave radiation. It allows the crystallization of high purity products, since the reaction mixtures do not have contact with the heating elements of the reactor 7 . Moreover, interaction of microwaves with the reagents in a solution causes a rapid chemical transformation. Thus, higher than in a classic hydrothermal process reaction rates are reached 8 , and a large number of nucleation points is created at the same time. It causes the concentration decrease in the feeding solution and reduces the growth of product crystallites. The resulting material is fi ne-grained and exhibits narrow crystallite size distribution 16 . Microwave heating opens also the possibility of obtaining new metastable phases in processed systems, since the local interactions with the reaction mixture create conditions far from the equilibrium. The properties of the obtained materials, like the size of crystals, morphology and agglomeration degree are controlled via the substrate quantitative ratio, pH and the temperature of the process 17 . Zirconium dioxide is material of technological importance due to its superior properties like chemical stability, high melting point and high refractive index
18
. ZrO 2 is also well known for its brilliant mechanical and heatproof properties. In consequence, ZrO 2 found several applications in gas sensors, SOFCs and catalysts 19 . High ionic conductivity allows ZrO 2 applications in electro-ceramics. In addition, a wide energy band gap (5-7 eV 20 ) allows potential applications as a visible light emitter 21 . Many methods of zirconium dioxide synthesis are discussed in literature
22-25
, however calcination is one of the most used and described, considering its high accessibility and relative low complexity. Calcination is the process of heating solid state substrate below its melting point to (MCS) were calculated using Scherrer's formula with the shape factor set to k = 0.9. Transmission electron microscopy (TEM) observations were conducted using FEI Tecnai F30 microscope. The samples were placed on the copper polycarbon coated grids 200 mesh (Agar). Powders were suspended in water and sonicated. Then, a drop of suspension was places on the grid, which was then hotplated at 40 o C by 2 hours. Thermal analysis was conducted with TA Instruments SDT Q600 thermobalance. Ca. 20 mg of the sample was placed in the corundum crucible and placed in the furnace, where measurements in the temperature range 20-1000 o C were performed with the heating rate of 20 o C/min. in the argon atmosphere. Luminescence measurements were conducted with CM2203 spectrofl uorimeter. The source of excitation was 150 W xenon lamp. The instrument was equipped with R-928 Hamamatsu photomultiplier.
RESULTS AND DISCUSSION

Structure
Diffraction patterns of the obtained nanopowders are shown in Figure 1 . The phase composition of samples changes in the function of calcination temperature. The powder resulting from microwave hydrothermal process is crystalline, which is indicated by a well resolved (101) refl ex (at 2Θ ≈ 30 o ) belonging to a tetragonal phase of ZrO 2 . Close to the same pattern weak monoclinic ZrO 2 (111) and (ī11) refl exes were detected, appearing as the shoulders of the t(101) refl ex. After annealing at 400 and 800 o C phase composition does not change signifi cantly, the relations in the intensities of particular XRD peaks are maintained. However, calcination at 1200 o C results in the phase transformation to the monoclinic form.
On the other hand, the precipitation-calcination prepared powders show different structural behavior. The as-grown sample does not exhibit the long range ordering -diffraction refl exes are not observed. However, heating at the temperature as low as 400 o C results in the appearance of sharp, well defi ned refl exes of the induce chemical reaction or phase shift 26 . The infl uence of process conditions in the zirconium dioxide calcination synthesis is widely discussed in literature, for instance in the references
34, 35
. On the other hand, microwave hydrothermal production of zirconium dioxide is not commonly used, and only a limited number of papers is published on this topic, to mention 27-29 . In the present work synthesis of zirconium dioxide using microwave hydrothermal technology is described and compared with the precipitation calcination method.
EXPERIMENTAL
Material synthesis
The investigated materials were prepared via precipitation calcination and microwave hydrothermal methods. The common step for both routes was preparation of the initial solution and precipitation steps. The solution was prepared by dissolving 22 g of ZrO(NO 3 ) 2 · 6H 2 O (Aldrich) in 200 ml of distilled water. Then, ammonia water solution (Chempur) was added to reach pH = 10. The resulting residue was then washed triply with distilled water to remove ammonium and nitrate (V) ions. The residue was divided into two parts: the fi rst was dried at 40 o C by 24 h, the second was introduced to microwave hydrothermal reactor. After drying the precursor was ground in the agate mortar and the resulting white powder was divided into 4 parts, three parts for different calcination temperatures and one left uncalcined. The calcination process was conducted at 400, 800 and 1200 o C by 20 minutes in the air atmosphere. The wet part of the initial residue was processed in the tefl on lined periodic microwave hydrothermal reactor (Ertec) operating at 2.45 GHz with the power of 500 W. The reaction mixture was prepared by combining the precipitate with distilled water with the volume ratio 1:1. The resulting suspension was homogenized by means of magnetic stirring and introduced into the tefl on reaction vessel with the volume of 110 ml to reach the fi ll coeffi cient of 80% volume. The vessel was closed in the steel coating of the reactor and the hydrothermal conditions were induced by constant irradiation of the reaction volume by microwaves. The interaction of the radiation with reaction mixture led to the increase of the temperature inside the vessel and in consequence autogenous pressure as the process was conducted in the closed space. The reaction volume was constantly heated until the pressure reached 5.5 MPa. Then the pressure was sustained for 20 minutes by microwave irradiation in the intervals of circa 3 minutes, to maintain its value in the range 5.4-5.6 MPa. The resulting powder was dried and divided into four parts, three parts for different calcination temperatures and one left uncalcined. Consequently, hydrothermal synthesized powders were also calcined at 400, 800 and 1200 o C by 20 minutes in air atmosphere.
Instrumental analysis
The X-ray diffraction (XRD) measurements were conducted using Philips X'Pert powder diffractometer operating with Cu Ka (0.154 nm) radiation. The samples were pressed into the steel rings. Mean crystallite sizes The explanation of such a behavior in both materials can be based on the knowledge of crystallization mechanism in applied technologies. In the case of microwave driven hydrothermal processing the nucleation process is induced by the interaction of high pressure and microwave radiation on hydroxide precursor in the presence of water. It was already proposed that the microwaves interact with the precursor locally, allowing the crystallization of small particles in the water environment 30 . The present research seems to confi rm that. The heating does not change the structure of material up to the temperature at which the diffusion is effi cient enough to make grain growth observable in the time as short as 20 minutes. Not surprisingly, the so-obtained material contains mainly crystalline zirconium oxide and its properties are mostly defi ned by the crystalline phase. Only at the highest temperature used in the present work the phase shift takes place. Then, the rate of grain growth increases and the critical size is exceeded, which is in general agreement with the size induced stabilization theory 31 . The crystallites synthesized via microwave hydrothermal process are below critical size, thus the tetragonal ZrO 2 phase is metastable at the room temperature (Fig. 2) . indicates, that in the grains of size below 10 nm, cubic zirconia phase is present. However, after calcination at 800 o C, the tetragonal phase is clearly seen (Fig. 1) . In the case of precipitation-calcination route, the precursor is amorphous, probably with the ordering typical for glasses 32 . Heating of the amorphous precursor in the resistance furnace results in a temperature gradient in the reaction space. Thus the grains are less uniformly sized and higher quantity of crystallites may exceed the critical size. However, the phase purity in 400 o C calcined sample suggests that the structure of the precursor has the signifi cant impact on the resulting material phase composition.
The reaction mechanism depends also on the heat inertion of the processed material. In the absence of local interactions, the material crystallizes gradually, starting from the hydrated hydroxide precursor. The global character of grains growth results in a full crystallization already after heating at 400 o C with the mean crystallite size of 26 nm. Both large size and the presence of pure t-ZrO 2 phase is most likely related to the structure of the precursor itself. Similarly to the microwave hydrothermal process, the calcination removes the residual water from clusters containing Zr and O. The monoclinic phase appears after calcination at 800 o C with the MCS of 35 nm. The different crystallization mechanisms are involved in both methods: in the case of microwave hydrothermal technology the surface interactions and size factor have signifi cant contribution to the phase composition, whereas in the case of calcination technology -structure of precursor.
The transmission electron microscopy (TEM) images of hydrothermally and precipitation calcination prepared powders are shown in Figure 3 . The as grown powder, as well as, amorphous precursor are shown in Figure  3A and 3F. Additionally, the 10 x 10 nm images of initial samples are shown in Fig. 3E and 3J for better understanding of local structure in materials prepared via both methods. The microwave hydrothermal sample has grainy structure with the sizes ranging from 4 to 12 nm. The shape of crystallites is uniform, material is strongly agglomerated. The shapes are close to oval or round. The lattice fringes are seen, confi rming crystalline structure of the particles. The precipitation prepared sample exhibits presence of large irregular structures with the sizes reaching hundreds of nanometers. These structures exhibit rugged texture. After calcination at 400 o C the structures still remain as a main content of the sample. In microwave hydrothermal sample the decrease of inter-grain matter content is observed, thus the particles appear to be more separated from the others. It suggests, that the grains were coated with the hydroxide layer or inter-grain consisted of mainly hydroxide phase. Further calcination causes the sintering of crystallites, however the structures obtained via the precipitation--calcination method seem to be larger and less ordered in the nanometric scale. The annealing at 1200 o C leads to the creation of strongly sintered agglomerates with the sizes of hundreds of nanometers, regardless the synthesis method used. 
Thermal behavior
The thermogravimetric curves of the samples prepared both by precipitation and microwave hydrothermal process are shown in Fig 4ure The curves show diffe- The 10 x 10 nm images of the as grown samples prepared via microwave hydrothermal and calcination processes are shown in fi gures E and J respectively crystalline phase content is higher in the microwave hydrothermal sample. The behavior up to ca. 100 o C is the same for both samples, and is most likely related to the desorption of water from surface and pores of the material. Further character of the curves is associated with the decomposition of hydroxides and crystallization of zirconium dioxide. In the microwave hydrothermal prepared powder, after the evaporation step, the process related with the mass loss of ca. 4% takes place in the temperature range 100-500 o C. It is probably related to decomposition of zirconium hydroxide remnants or decomposition of surface hydroxide layer on the grains. Above 500 o C the mass of sample does not change signifi cantly. In the case of the amorphous precursor rapid mass loss takes place up to 200 o C to ca. 78% of the initial mass. It suggests that decomposition process is associated with weakly bound water molecules up to 200 o C, then character of decomposition changes. Between 200 and 500 o C mass loss is "mild" suggesting larger energies of decomposition, likely related to strongly bound crystallization water. The second step also fi nishes with ca. 4% of mass loss. The second step starts at the lower temperature in the sample synthesized via hydrothermal process, suggesting that the main dehydration reaction occurs in the high pressure step of synthesis. It appears that in the range 100-200 o C the main dehydration step takes a place, which is equivalent of the dehydration during the hydrothermal reaction.
Luminescence
The photoluminescence (PL) spectra of the obtained nanopowders are shown in Figure 5 . PL of the samples was excited in the UV region with the radiation wavelength of 260 nm (4.76eV). The PL spectra consist of the wide emission band extending from 400 to 700 nm. The intensity of the PL emission increases with the increase of the calcination temperature. The heating of microwave hydrothermal nanopowders was targeted to decrease the hydroxide content in material, as the hydroxyl groups are known of suppressing optical phenomena in solids. And as the product exhibits high crystallinity already after high pressure treatment, the short times of calcination were chosen to minimize the heating infl uence on the phase composition 36 . The PL maximum is placed at ca. 490 nm for all the powders. Observed PL spectra are asymmetric and the additional shoulder appears at ca. 620 nm. The shape of the spectra is independent of heating temperature in the microwave hydrothermal samples. This suggests that crystalline zirconium dioxide contain similar types and concentrations of centers responsible for the luminescence. The changes of intensity are related to phase composition and hydroxide content. Moreover, the increase of the PL intensity is associated with the variation of sizes of crystallites in the material. This suggests that the specifi c distribution of lattice defects is necessary to activate ZrO 2 emission. In the precipitation-calcination prepared powders, the shape of spectra is infl uenced by heating temperature. However, the two band shape of PL spectra is preserved. The sample prepared at 1200 o C exhibits very similar PL spectrum as the sample prepared via hydrothermal processing, suggesting, that the monoclinic phase is responsible for the bright emission. Additionally, the shape of the spectra observed in microwave hydrothermal prepared powders are very similar to the spectrum of the amorphous precursor, containing features at the same wavelengths. It proves that centers present in crystalline powders are also common in the precursor. Thus, are not related to a long range order present in a crystal lattice.
The absolute luminescence intensities are lower in the precipitation-calcination prepared samples, suggesting that the certain concentration and form of crystal lattice defects are responsible for the luminescent processes in a material, despite of the crystallite sizes differences. The band placed at 620 nm was also observed in 33 , where appeared after annealing under mixture of gases containing 2% of oxygen and was associated with the creation of oxygen vacancies. Considering that we observe this band in both the microwave hydrothermal and calcination only prepared powders, even after annealing, we conclude, that 620 nm emission has the intrinsic character and is related to the existence of defects in oxygen sublattice.
CONCLUSION
The thermal growth of ZrO 2 nanocrystals progresses in different ways, depending on the microwave hydrothermal treatment of initial hydroxide residue. The lower temperature of crystallization of the material starting from amorphous precursor was explained by a lower energy of hydroxide decomposition, in comparison with the energy needed to sinter grains of crystalline ZrO 2 . Despite its small size (<10 nm), the signs of sintering were observed exclusively after annealing at 800 o C. 3 steps of thermal decomposition were discriminated, with the step of massive water removing in the amorphous hydroxide sample between 100 and 200 o C. The mass of the removed water was estimated to 18% of overall sample mass, the step is not present in microwave hydrothermal prepared powder, suggesting that dehydration during high pressure process is its equivalent. However, after hydrothermal processing in the powder the strong bound hydroxyls are found, to fi nally decompose at ca. 500 o C. Thermal treatment also has changed the spectral properties of material. The increase of luminescence emission intensity is most likely caused by the presence of monoclinic ZrO 2 phase. It was indicated by the increase of intensities in the samples containing monoclinic phase only, also characteristic spectral features are present in the powders containing low quantities of m-ZrO 2 . On the other hand, the same emission bands are observed in amorphous precursor confi rming its close range ordering. The microwave hydrothermal processing of zirconium dioxide based materials was found to bring new qualities relating to the typical precipitation calcination process. The properties of resulting material are more accurately size defi ned since the crystallites produced in microwave hydrothermal process are rapidly nucleated in all the reaction volume. The material is optically active in the visible region, indicating a possibility of application in the light emitting devices.
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